NASA 1 , a 4 . ! https://ntrs.nasa.gov/search.ABSTRACT Recently 1t has been argued based on theoretical calculations and experimental data that there 1s a universal form for the equation of state of sol Ids. This observation was restricted to the range of temperatures and pressures such that there are no phase transitions. The use of this universal relation to estimate pressure-volume relations (I.e., Isotherms) required three Input parameters at each fixed temperature. In this paper we show that o for many solids the Input data needed to predict high temperature thermodynamlcal properties can be dramatically reduced. In particular, only four numbers are needed: (1) the zero pressure (P = 0) Isothermal bulk modulus; (2) Its P = 0 pressure derivative; (3) the P = 0 volume; and (4) the P = 0 thermal expansion; all evaluated at a single (reference) temperature. Explicit predictions are made for the high temperature Isotherms, the thermal expansion as a function of temperature, and the temperature variation of the 00 I *V1s1t1ng scientist
Isothermal bulk modulus and Its pressure derivative. These predictions are tested using experimental data for three representative sol Ids: gold, sodium chloride and xenon. Good agreement between theory and experiment 1s found.
I. INTRODUCTION
Knowledge of the equation of state (the pressure, volume, temperature (P-V-T) relation), based on either calculation or measurement, is of primary Importance 1n both basic and applied sciences. It provides Insight Into the nature of solid state theories, and determines the values of fundamental thermodynamic parameters.
Many theoretical and semi-empirical calculations have been carried out to describe the isothermal equation of state (EOS). Analytic semi-empirical expressions for the EOS for each class of solid abound 1n a variety of forms, (Ref. 1) , with care often taken to present different forms for different classes of solids (Refs. 1 to 3). We have found, however, that there is a universal EOS for all classes of solids in compression and in the absence of phase transitions (Ref. 4 ). Further, we found that this universal EOS can be predicted from a knowledge of three equilibrium quantities at each fixed temperature T: the equilibrium volume V , Isothermal bulk modulus B , o o and Isothermal (3B/3P) . Here, we use the notation (3B/3P) for the zero pressure value of the Isothermal pressure derivative of the Isothermal bulk modulus: (3B/3P) / ' In the present study we will show how to predict high temperature properties of the EOS based on an even smaller amount of Input data: the thermal expansion coefficient o , V , B and (3B/3P) at zero ooo o pressure and at a single (reference) temperature. This approach, Involving Input data at a single temperature, applies to solids whose thermal pressure 1s essentially Independent of the volume and linear with temperature above the Debye temperature. This property of near volume Independence and linearity 2 with temperature has been found for a number of solids (see, e.g., Refs. 5 to 8). Based on this assumption .the new approach not only predicts the pressure-volume relation at high temperatures, but also the temperature 1 ** ' * * * ' " . * ' ' • dependence of the thermal expansion, B , and (3B/3P) . We will see that ' , • ' * • rather good accuracy can be obtained with these predictions 1n comparison with experimental data for some typical solids (a metal, an alkall-hallde and a rare-gas solid). Even nonlinear effects 1n the thermal expansion, which have • -. been difficult to obtain (Ref. 9), are accurately predicted 1n this approach.
In the following we will first briefly review the observation of a for all classes of solids, where E is the universal form for the energy 3 (Eq. (2.1)) and V = 4irr ws /3 1s the volume. Thus many different forms are not needed to describe the EOS. Rather, a single universal expression suffices.
In this paper we are primarily interested in temperature effects. For In this case, again one might expect that the form of -dE(V)/dV and P(T,V) would be similar with the scaling parameters containing the temperature Information.
To make this more concrete, we first define the function H as The only additional Input number 1s 01 (T_). P •* From Eq. (3.4) we find that the Isothermal bulk modulus as given by
and
The zero pressure thermal expansion can also be predicted from the EOS,
We will now test the predictions from Eqs. 
B. Prediction of High Temperature Isotherms
In this section we will estimate high temperature Isotherms near the melting point from Input data measured for T « 6_. The results are then compared with high temperature Isotherms taken from the literature. Figure 1 compares the results for gold with the estimates of Heinz 
C. Prediction of Thermal Expansion
In Section III, a method was described for obtaining the thermal expansion curve given the reference temperature Isotherm (Eq. (3.7) ). In this section, thermal expansion predictions will be compared with experiment. For simplicity, we will limit our study to zero pressure thermal expansion (Eq. (3.7) ) for which experimental data are easily available 1n the literature. However, we note that the same approach predicts a at high pressure (P(V,T) * 0 1n Eq. (3.4) ), where data are generally not available.
We will use the universal EOS for the reference Isotherm, so that from Eq. would not be accurate for low temperatures.
In Fig. 4 we Investigated the sensitivity to the Input parameter, (3B/3P) (T ). Using the two extreme values for gold of 5.5 and 6.5, the 
D. Temperature Dependence of the Bulk Modulus
In Section III we assumed that the isothermal bulk modulus has no explicit dependence on the temperature and 1s a function of the volume only (Eq. (3.5)). In Section IV, we proposed an analytical form of this function B(V), based on the universal EOS (Eq. (4.5)). We can now use the predictions of the thermal expansions obtained previously (Eq. (5.1)) to compute the temperature Induced volume changes and consequently, the corresponding changes of isothermal bulk modulus. This computation has been done for gold, sodium chloride, and solid xenon and the results are plotted in Figs. 7 to 9, respectively. Again, the only input parameters are the three listed in Table I .
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• The results achieved with our model agree well with available experimental data over the Investigated temperature range. In addition to these general comments, F1g. 7 shows that, for gold, the choice of an Input value of 6.5 for (3B/3P) (T ), which corresponds to ultrasonic 0. R measurements, gives the best results. This was to be expected since the experimental data used here to test the bulk modulus prediction (from Refs. 30 and 36) are also obtained from ultrasonic measurements. This 1s confirmed by the experimental data for xenon, but is not represented by our model. E. Temperature Dependence of (3B/3P) o The same approach used for the Isothermal bulk modulus can be used for (3B/3P) since this quantity is also assumed to have no explicit o temperature dependence (Eq. (3.6)). We use Eq. (4.6) and the previously calculated values of thermal expansion (Eq. (5.1)) for sodium chloride and xenon to obtain a prediction of the thermal behavior of (3B/3P) . o Figures 10 and 11 present respectively the results for sodium chloride and xenon, obtained by using the three input parameters listed 1n Table I. These results are compared with experimental data from ultrasonic measurements (sodium chloride) or from analysis of high pressure EOS data (xenon).
Unfortunately, to our knowledge, no similar high temperature set of data exists for gold.
For sodium chloride, the agreement between the prediction of Eq. (4.6) and the experimental data, as presented 1n F1g. 10, 1s good. For xenon (F1g. 11 )t agreement 1s worse. However, the accuracy of the experimental data which 1s extrapolated from static high pressure measurements 1s questionable.
For example, the two sets of data presented 1n F1g. 11 are extrapolated from the same set of high pressure experiments, using two different methods (Refs. 7 and 25). As a consequence, 1t 1s clear that one must add, the uncertainties of the high pressure measurements to the uncertainty caused by , the extrapolation method used to obtain the values of (aB/aP) . Therefore, o a check of our predictions of the thermal variations of (aB/aP) will require more complete and accurate sets of experimental data.
VI. SUMMARY
We have discussed a recently proposed "universal" EOS which accurately In this paper we have used the fact that an additional assumption 1s often valid. Namely it was assumed that the thermal pressure is Independent of V and varies linearly with T for 1 > e . With solids for which this 1s an accurate approximation we showed that high temperature thermodynamical properties can be predicted from a (T ), V (T ), 
